Introduction
============

Nephrotic syndrome is a clinical condition characterized by proteinuria, hypoalbuminemia, edema, and hyperlipidemia. Nephrotic syndrome represents the most common primary glomerular disease in children and affects \~2 per 100,000 children aged \<16 years in Europe and North America.[@b1-phmt-8-029],[@b2-phmt-8-029] At the time of first presentation, \~80% of children achieve complete remission within 4 weeks of corticosteroid therapy and are classified as having steroid-sensitive nephrotic syndrome (SSNS).[@b3-phmt-8-029] However, 60%--70% of the patients initially classified as steroid sensitive have \>1 relapse.[@b4-phmt-8-029] Among children who relapse, 30% will be further classified as having frequently relapsing nephrotic syndrome or steroid-dependent nephrotic syndrome.[@b4-phmt-8-029],[@b5-phmt-8-029] Steroid resistance, defined as the absence of remission despite 4 weeks of therapy with daily prednisone at a dose of 2 mg/kg/d, encompasses an even smaller proportion of patients. Despite representing a smaller proportion of nephrotic syndrome cases, patients with steroid-resistant nephrotic syndrome (SRNS) have proven more difficult to treat, with 36%--50% progressing to end-stage renal disease within 10 years.[@b6-phmt-8-029] The aim of this review is to present a comprehensive appraisal of the history, management, genetics, and treatment of SRNS.

Insights from International Society of Kidney Disease in Children (ISKDC)
=========================================================================

Between 1967 and 1976, the ISKDC carried out a prospective study of 512 children (from 24 participating clinics) with primary nephrotic syndrome. The participants had a renal biopsy performed at the time of diagnosis before steroid therapy was begun. The prednisone regimen consisted of an initial treatment of 60 mg/m^2^ (maximum dosage 80 mg/24 h) divided into 2 doses/d for 4 weeks, followed by 40 mg/m^2^ divided into 2 doses/d on 3 consecutive days/wk for 4 weeks.[@b7-phmt-8-029] Relapse protocol consisted of 60 mg/m^2^ divided into 2 doses/d until response (maximum of 4 weeks), followed by 40 mg/m^2^ divided into 2 doses/d on 3 serial days/wk for 4 weeks.[@b7-phmt-8-029] As a result of this treatment regimen, the clinical definitions that delineate the various subcategories of nephrotic syndrome surfaced ([Table 1](#t1-phmt-8-029){ref-type="table"}).

A significant finding in the context of this review, steroid sensitivity, was defined as the achievement of complete remission within 4 weeks of corticosteroid therapy after initial presentation.[@b7-phmt-8-029],[@b8-phmt-8-029] In the ISKDC study, \~80% of children achieved clinical remission within 4 weeks of corticosteroid therapy. Additionally, if renal pathology results were considered, 95% of children with minimal change disease (MCD) on histopathology achieved clinical remission within 8 weeks of corticosteroid therapy after initial presentation.[@b7-phmt-8-029],[@b8-phmt-8-029] Beyond the histopathologic findings, other prognostic features in assessing a child's response to corticosteroid therapy arose: children with nephrotic syndrome younger than 6 years without hypertension, chronic kidney disease (CKD), hypocomplementemia, or signs of systemic disease had an \~85% chance of responding to corticosteroid therapy.[@b7-phmt-8-029]

Length of corticosteroid therapy
================================

In 1988, the German Pediatric Nephrology Working Group, in a study published in *Lancet*, evaluated the efficacy of the ISKDC standard steroid regimen compared to short-course prednisone therapy.[@b9-phmt-8-029] In a controlled multicenter study, 61 children with a first episode of idiopathic nephrotic syndrome were randomly assigned to receive short-course prednisone therapy versus standard prednisone therapy. Short-course prednisone therapy consisted of 60 mg/m^2^ daily until absence of proteinuria for 3 days, followed by 40 mg/m^2^ every 48 hours until complete remission took place. The standard prednisone therapy was the ISKDC treatment regimen of 60 mg/m^2^ daily (maximum dosage: 80 mg/24 h) for 4 weeks, followed by 40 mg/m^2^ every 48 hours for 4 weeks. Patients were also randomly assigned to 1 of 2 of the following relapse therapy treatments: short-course prednisone treatment for relapse (60 mg/m^2^ daily until proteinuria disappeared for 3 days, followed by 40 mg/m^2^ every 48 hours until complete remission) versus standard prednisone treatment for relapse (60 mg/m^2^ daily until response \[maximum of 4 weeks\], followed by 40 mg/m^2^ every 48 hours for 4 weeks).

In the short-course group, urinary remission took place after 14 days of daily prednisone, and complete remission after an additional 16 days of alternate day prednisone.[@b9-phmt-8-029] However, after 2 years of follow-up, sustained remission was significantly lower after the short-course regimen than after standard treatment (19% versus 41%, *p*=0.001), and the duration of remission in patients with a relapse was half as long after the short course compared to the standard course (79 days versus 169 days, *p*=0.004).[@b9-phmt-8-029] In brief, although complete initial remission of nephrotic syndrome can be obtained with half the standard prednisone dose, the short course is beset with a higher rate of relapses that require additional prednisone administration.

Given the beneficial effect of standard prednisone therapy over short-course prednisone therapy, Ehrich and Brodehl,[@b10-phmt-8-029] in association with the German Pediatric Nephrology Working Group, conducted a controlled prospective multicenter study of 71 children comparing the efficacy and outcome of long prednisone therapy versus standard prednisone therapy for the initial treatment of childhood nephrotic syndrome. Long prednisone therapy consisted of 60 mg/m^2^ daily for 6 weeks, followed by alternate day 40 mg/m^2^ every 48 hours for 6 weeks. The standard prednisone therapy group received the ISKDC treatment of 60 mg/m^2^ daily for 4 weeks, followed by 40 mg/m^2^ every 48 hours for 4 weeks. Compared to standard prednisone therapy, sustained remission after 2 years of follow-up was significantly greater after the long course of steroid therapy (49% versus 19%, *p*=0.0079).[@b10-phmt-8-029]

Thanks to the contributions of the ISKDC and German Pediatric Nephrology Working Group, disparities between the short, standard, and long corticosteroid regimens for nephrotic syndrome were established ([Table 2](#t2-phmt-8-029){ref-type="table"}). Long-course prednisone therapy for the initial presentation of SSNS is preferable to the standard regimen and short-course regimen because it leads to the highest percentage of sustained remission rates and reduces the rate of subsequent relapses.[@b10-phmt-8-029] Of course, these outcomes are accompanied by the higher side effect profile of the long-course prednisone treatment regimen.

Role of renal biopsy
====================

As per ISKDC report, of initial steroid responders, the incidence of focal segmental glomerulosclerosis (FSGS) on renal biopsy was 3%, while 47.5% of initial nonresponders had FSGS on renal biopsy.[@b8-phmt-8-029] Also, the histopathologic variants of MCD most commonly associated with initial nonresponse were diffuse mesangial hypercellularity, mild mesangial hypercellularity, and focal tubular changes.[@b11-phmt-8-029] Given the larger proportion of patients with FSGS who progress to end-stage renal disease (ESRD) and the higher likelihood of a relapsing course based on histopathology, many nephrologists face the difficult decision of determining optimal timing of initial biopsy in initial nonresponders with new-onset nephrotic syndrome. ISKDC data suggest that absence of response to steroid therapy at 8 weeks indicates nonresponse; however, given the 6-week high-dose steroid course endorsed by numerous programs, a lack of response at completion of 6 weeks often prompts many nephrologists to pursue renal biopsy.

Genetics
========

The genetics of SRNS has focused on genes playing a role in cell--cell signaling at the podocyte slit membrane (*NPHS1*, *NPHS2*, *CD2AP*, and *PTPRO/GLEPP1*), regulation of foot process actin network (ACTN4 and *INF2*), or foot process--glomerular basement membrane interaction (*LAMB2* and *ITGA3*).[@b12-phmt-8-029] More recently, podocyte cell migration has been implicated in the pathogenesis of SRNS. Gee et al[@b13-phmt-8-029] utilized combined homozygosity mapping with whole-exome resequencing in a single family in whom 2 siblings had early-onset SRNS (with renal biopsy finding of diffuse mesangial sclerosis) to identify an *ARHGDIA* (Rho GDP dissociation inhibitor alpha) mutation that causes SRNS in rats. The investigators demonstrated that *ARHGDIA* is in complex with RHO GTPases expressed in podocytes of rat glomeruli. These RHO GTPases are responsible for regulation of actin remodeling such that both increased and decreased RHO GTPase signaling interfere with podocyte mobility.[@b13-phmt-8-029]

Additionally, recessive mutations in the kidney ankyrin repeat-containing protein (*KANK*) family proteins have been found to have essential roles in nephron function via regulation of Rho GTPase activity.[@b14-phmt-8-029] *KANK2* was found to interact with *ARHGDIA* and knockdown of *KANK2* in cultured podocytes increased active GTP-bound RHOA, thus decreasing podocyte migration.[@b14-phmt-8-029]

In terms of the other histopathologic variants of MCD, which portend a steroid-resistant course, genes involved in the pathogenesis of diffuse mesangial sclerosis have been identified.[@b15-phmt-8-029] Truncating mutations in phospholipase C epsilon 1 (*PLCE1*) prevent normal glomerular development and lead to diffuse mesangial sclerosis.

In summary, the role of the podocyte is crucial in understanding of the pathogenesis of nephrotic syndrome. The development, migration, basement membrane interaction, and regeneration of the podocyte are all critical processes in the maintenance of foot process integrity. Genetic mutations in any one of these processes can lead to the phenotype of nephrotic syndrome, and more specifically, mutations in genes coding for key podocyte proteins (*NPHS2*, *PLCE1*, *ACTN4*, and *TRPC6*) cause FSGS, the histopathologic finding most commonly associated with SRNS.[@b12-phmt-8-029] In all, 24 genes are presently known to be associated with hereditary SRNS ([Table 3](#t3-phmt-8-029){ref-type="table"}).[@b16-phmt-8-029]

Given the established association of 5 particular gene mutations in nonsyndromic FSGS, these genes will be explored in detail in the following sections, with emphasis being placed on the proposed mechanism of action leading to FSGS. Of note, special emphasis will be placed on the 2 genes (*NPHS2* and *ACTN4*) that are linked not only to FSGS but also to SRNS. Congenital nephrotic syndrome will not be discussed in detail.

NPHS2
-----

Mutations in the *NPHS2* gene, which encodes podocin, can cause a recessive form of SRNS.[@b17-phmt-8-029] Mutations in this gene occur in \~40% of familial and 6%--17% of sporadic SRNS cases.[@b18-phmt-8-029] Patients typically present from birth to 6 years of age have a steroid-resistant course and reach ESRD before the end of their first decade.[@b19-phmt-8-029] Although the literature citing the role of nephrin in the podocyte is expansive, little is known about podocin's role within the podocyte. However, data thus far suggest that podocin binds nephrin either directly or indirectly and thus may augment nephrin-induced stimulation of mitogen-activated protein kinases.[@b20-phmt-8-029] Also, work on *Caenorhabditis elegans* species suggests that podocin, an integral membrane protein, is a critical part of membrane-associated proteases, which play a crucial role in protein turnover.[@b21-phmt-8-029] Dysregulation of protein turnover and the complex interaction between podocin and nephrin is thought to be the core dysfunction triggering the autosomal recessive form of SRNS.

Finally, of particular importance in the genetics of juvenile or adult-onset NS is the p.R229Q variant. This variant, when found in association with one pathogenic *NPHS2* mutation, represents the most frequently reported variant in Caucasians, particularly in Europeans with a frequency of 0.03--0.13.[@b22-phmt-8-029]

Alpha-actinin 4
---------------

*ACTN4*, the gene that encodes alpha-actinin 4, is most prominently distributed in podocytes, with some distribution in renal vasculature. Alpha-actinin 4 is responsible for cross-linking bundles of actin filament in the slit diaphragm. Mutations in this protein lead to decreased actin binding, formation of intracellular aggregates, and decreased protein half-life.[@b23-phmt-8-029] Decreased protein half-life (ie, increased affinity for actin binding) is then thought to alter actin polymerization and thus adversely affect the podocyte cytoskeletal structure.[@b23-phmt-8-029] Weins et al[@b24-phmt-8-029] used electron microscopy to show that, compared to wild-type *ACTN4*, mutant *ACTN4* induced formation of a disordered and tangled network of thin filament bundles in vitro. Three different point mutations in *ACTN4* were discovered in 3 unrelated families with FSGS: K255E, T259I, and S262P mutations.[@b25-phmt-8-029] These families showed autosomal dominant inheritance of disease with incomplete penetrance and variable expressivity.[@b25-phmt-8-029] A typical presentation for patients with *ACTN4* mutations is proteinuria in their teenage years or later, with a slow progression to ESRD in their 50s.[@b26-phmt-8-029]

PLCE1
-----

Hinkes et al[@b15-phmt-8-029] have described a mutation in autosomal recessive nephrotic syndrome type 3, which leads to early-onset nephrotic syndrome. The mutation causes a form of SRNS with the key histologic finding of diffuse mesangial sclerosis.[@b15-phmt-8-029] The gene product, phospholipase C epsilon (PLCE1), is expressed in the developing kidney in glomerular podocytes and mutations, leading to abnormal protein products that cause an arrest in normal glomerular development. More specifically, given that phospholipase C epsilon catalyzes the hydrolysis of membrane phospholipids to generate inositol 1,4,5-triplephosphate and diacylglycerol, the intracellular pathways of cell growth and differentiation are impaired by mutations in this protein.[@b27-phmt-8-029] PLCE1 also interacts with IQGAP-1, a podocyte cell junction-associated protein,[@b15-phmt-8-029] therefore, cell adhesion is affected by mutations in the gene encoding for this protein. Recessive *PLCE1* variants were identified in 10/35 (28.6%) families affected by diffuse mesangial sclerosis.[@b15-phmt-8-029] In another study, recessive *PLCE1* pathogenic variants were found in affected individuals from 12 of 68 families (18%) with SRNS.[@b28-phmt-8-029]

TRPC6
-----

*TRPC6* encodes a calcium channel by the same name, which is located on the podocyte membrane and, in complex with podocin, regulates mechanosensation at the slit diaphragm. In response to phospholipase C activation, activation of *TRPC6* leads to increased intracellular calcium concentration. In the kidney, *TRPC6* is expressed in renal tubules and glomeruli, with predominance in podocytes. Thus far, 11 different mutations in the *TRPC6* gene have been identified in 8 families from different ethnic backgrounds.[@b29-phmt-8-029],[@b30-phmt-8-029] Five of these mutations in the *TRPC6* gene are gain-of-function mutations that result in intracellular influx of calcium.[@b29-phmt-8-029],[@b30-phmt-8-029] While it is unclear exactly how this may lead to FSGS, it is postulated that the increased intracellular calcium may lead to altered podocyte function. Although previously ascribed only as a genetic cause of late-onset autosomal dominant FSGS, a group of Italian investigators have suggested that the *TRPC6* variants can also be detected in children with early-onset and sporadic SRNS (4 of 33 patients).[@b31-phmt-8-029]

CD2AP
-----

Another gene which may be involved in the hereditary form of FSGS is the CD2-associated protein (*CD2AP*) gene. The CD2AP protein is expressed in podocytes and interacts with fyn and synaptopodin, thus maintaining the cytoskeletal architecture of the podocyte. Five different *CD2AP* heterozygous mutations have been found in pediatric FSGS patients.[@b32-phmt-8-029] However, the clinical significance of recessive *CD2AP* mutations has been called into question as a study did not find homozygous *CD2AP* mutations in a cohort of 42 children with SRNS for whom *NPHS1*, *NPHS2*, *PLCE1*, and *WT1* mutations had been previously excluded.[@b33-phmt-8-029]

Syndromic forms of SRNS are far less frequent and may be due to mutations in genes encoding various components involved in glomerular basement integrity. These genes include *WT1* and *LMX1B* (transcriptional factors), *LAMB2* and *ITGB4* (glomerular basement membrane components), *SCARB2* (lysosomal protein), *COQ2*, *PDSS2*, and *MTTL1* (mitochondrial proteins), and *SMARCAL1* (a DNA-nucleosome restructuring mediator). Mutations in *NPHS1* are responsible for most cases of congenital nephrotic syndrome.[@b34-phmt-8-029]

Indications for genetic testing
===============================

Because there are no clinical findings that correlate with the particular gene defects mentioned, the practitioner commonly must rely on the patient's response to steroid therapy as a guide to determining steroid resistance. Additionally, there may be some difficulty in distinguishing between true steroid resistance and noncompliance with steroid therapy. Once the classic definition of steroid resistance is met in a young patient (\<2 years old), depending on the resources available at the institution, genetic testing may be pursued. Although there are no specific treatment guidelines based on genetic variants of SRNS, recent data suggest that cyclosporine therapy may be more effective in nongenetic forms of SRNS as opposed to genetic forms of SRNS,[@b35-phmt-8-029] possibly encouraging providers to more frequently request genetic testing in SRNS patients. Additionally, given the poor response to immunosuppressive therapy in genetic forms of SRNS, identification of mutations via genetic screening may assist clinicians in deescalating further immunosuppression options and spare children from significant side effects associated with these medications.

In general, the key features in a patient with nephrotic syndrome, which suggest the need for genetic testing, include age \<6 years at diagnosis (especially age \<2 years), positive family history of nephrotic syndrome, consanguinity, a steroid-resistant course, and histopathologic findings of FSGS or diffuse mesangial sclerosis on renal biopsy. More specifically, Benoit et al[@b34-phmt-8-029] have suggested a systematic approach to genetic testing based on age at diagnosis, histopathologic findings, and mode of inheritance ([Figure 1](#f1-phmt-8-029){ref-type="fig"}).

Biomarkers in SRNS
==================

The presence of a circulating serum factor associated with SRNS has long been sought. In a seminal paper by Savin et al,[@b36-phmt-8-029] the association between a circulating factor and disease activity was evaluated in patients with recurrent FSGS. Serum samples were analyzed in patients with FSGS pre-and postrenal transplant to evaluate if the serum samples of patients with recurrent FSGS increased glomerular-capillary permeability to albumin. A permeability value was assigned to each sample, with the lower permeability values indicating poor glomerular-capillary permeability to albumin and higher permeability values indicating increased glomerular-capillary permeability to albumin. Of the 56 patients with primary FSGS who underwent renal transplantation and were followed for at least 6 months, those without recurrent FSGS had permeability values of 0.14±0.06, while those with recurrent FSGS had permeability values of 0.47±0.06. Patients were then stratified according to their permeability value, with the relative risk of recurrent FSGS being 5 times higher in patients with pretransplantation values of at least 0.50. Of note, this association did not hold true for the 9 children with SSNS who were tested. Plasmapheresis in patients with recurrent FSGS lowered the level of serum activity and decreased proteinuria.

More recently, the soluble urokinase-type plasminogen activator receptor (suPAR) has been suggested as a potential circulating factor in FSGS.[@b37-phmt-8-029]

Reiser et al[@b38-phmt-8-029] reported that circulating suPAR could activate B3 integrin on podocytes as a means of inducing proteinuria. suPAR concentrations correlated directly with the activity of podocyte B3 integrin. Conversely, inhibition of suPAR by antibodies against suPAR and/or plasmapheresis could lower B3 integrin activity.[@b38-phmt-8-029] Serum suPAR concentrations were significantly elevated in persons with FSGS, compared to those with MCD, membranous nephropathy, and healthy subjects. In summary, Reiser et al were able to establish and identify the important role of suPAR in the pathogenesis of FSGS.

Therapy
=======

Following failure of standard steroid therapy for nephrotic syndrome, the Tune-Mendoza protocol may serve as a useful adjunct to treatment of SRNS. It is a treatment utilizing high-dose methylprednisolone pulse therapy and oral prednisolone administered for a total of 82 weeks. When this protocol was used to treat patients with SRNS, \~65% went into complete remission and only 25% progressed to CKD.[@b39-phmt-8-029] However, significant side effects including obesity, growth impairment, hypertension, cataracts, osteoporosis, diabetes, immune suppression, psychosis, abdominal striae, cushingoid facies, and hirsutism can result from prolonged steroid therapy.

ACE-Is/ARBs have long been utilized and found to be effective as antiproteinuric agents in the treatment of adult nephropathies.[@b40-phmt-8-029] In terms of assessing the renoprotective effect of ACE-Is in children, the ESCAPE trial[@b41-phmt-8-029] offers data in the largest trial to date. In this trial, 397 children (ages 3--18 years) with CKD (eGFR 11--80 mL/min/1.73 m^2^) and elevated or high-normal BP received ramipril (6 mg/m^2^) following a 6-month run-in period, including a 2-month washout of any previous ACE inhibitors. Urinary protein excretion was reduced by 50% on average, with a similar efficacy independent of etiology of renal disease (renal dysplasia or glomerulopathy). Urinary protein excretion was dependent on baseline proteinuria (*p*\<0.0001) and was correlated with antihypertensive efficacy of the drug (*p*\<0.001). Other smaller trials, utilizing ACE-Is and ARBs have found similar results in pediatric patients with proteinuria.[@b42-phmt-8-029]--[@b44-phmt-8-029] Given the significant renoprotective effects demonstrated in these trials, ACE-I/ARB treatment should be strongly considered in the treatment of hypertensive patients with SRNS.

Oral cyclophosphamide therapy over a 12-week time course has been used in combination with steroids for the treatment of steroid-dependent nephrotic syndrome.[@b45-phmt-8-029] However, data are lacking for this approach in the treatment of SRNS. Although there are distinct views regarding efficacy of intravenous (IV) cyclophosphamide therapy for treatment of SRNS, some providers have found success with monthly IV cyclophosphamide therapy (500 mg/m^2^/dose) for a 6-month course.[@b46-phmt-8-029]

Calcineurin inhibitors have long been used in the treatment of SRNS, with the preponderance of data existing for therapy with cyclosporine. Studies have shown that cyclosporine in combination with steroids is effective in retaining remission and reducing relapse rates in patients with SRNS.[@b47-phmt-8-029],[@b48-phmt-8-029] Ehrich et al[@b48-phmt-8-029] have shown that prolonged combination therapy with steroids, cyclosporine and high-dose methylprednisolone maintained the remission rate at 84% for patients with SRNS. Additionally, long-term treatment with cyclosporine in children with SRNS reduced the progression to CKD.[@b49-phmt-8-029] The question of efficacy of cyclosporine in genetic versus nongenetic causes of SRNS was recently evaluated by Buscher et al.[@b35-phmt-8-029] Collection of data from 231 patients with SRNS treated at 8 pediatric centers over an observation period of 113 months revealed that 82% of nongenetic SRNS patients responded within 6 months of Csa therapy. Also, 98% of patients with non-genetic SRNS and Csa-induced complete remission maintained normal renal function.[@b35-phmt-8-029] By contrast, only 3% of patients with genetic SRNS experienced a complete remission, while 16% experienced a partial remission. There was a high rate of progression to ESRD (66% of patients) in patients with genetic SRNS.[@b35-phmt-8-029] Notable side effects of therapy with cyclosporine include gum hypertrophy, hypertension, hypertrichosis, and nephrotoxicity.

Tacrolimus serves as an alternative to cyclosporine with a slightly more attractive side effect profile as there is less hypertrichosis and gum hypertrophy. However, other side effects, including tremor, hypertension, and diabetes, have been reported. At a dose of 0.1--0.2 mg/kg/d divided in 2 doses, a complete remission rate of 81% was achieved in a study of pediatric patients with SRNS by Jahan et al.[@b50-phmt-8-029] A target trough level of 5--7 ng/mL is recommended.[@b51-phmt-8-029]

The role of mycophenolate mofetil (MMF) for the treatment of SRNS is uncertain. Data are largely retrospective[@b52-phmt-8-029] or from single-center experience with a low number of patients.[@b53-phmt-8-029] In a retrospective study, complete and partial remission for MMF in SRNS was 67%.[@b52-phmt-8-029] It may seldom be used as an alternative agent in patients with SRNS who have experienced significant side effects due to calcineurin inhibitors. Adverse effects of MMF include abdominal pain, diarrhea, infection, metabolic acidosis, and hyperlipidemia. MMF should be administered at a dose of 1200 mg/m^2^/d in 2 divided doses for the indication of nephrotic syndrome. Of note, RAS blockade used in combination with MMF has been shown to be effective in patients with steroid-resistant FSGS.[@b54-phmt-8-029] However, in the study by Montane et al, prior to the initiation of MMF-angiotensin blockade, patients were pretreated with weekly IV methylprednisolone (15 mg/kg/wk) for 4--8 weeks. MMF was given at a dose of 250--500 mg/m^2^/d.[@b54-phmt-8-029] In another trial of pediatric patients with SRNS, fosinopril significantly reduced proteinuria.[@b55-phmt-8-029] Notable side effects of ACE-I/ARB therapy include hyperkalemia, reduction in glomerular filtration rate, and teratogenicity. Teratogenicity is, of course, of particularly high risk with combination MMF and ACE-I/ARB therapy.

Rituximab is a monoclonal antibody directed against the cell surface antigen CD20 expressed on B lymphocytes. It has gained acceptance as a treatment for refractory cases of childhood nephrotic syndrome and, in recent years, is gaining recognition as a first-line steroid-sparing agent in the treatment of children with steroid-dependent nephrotic syndrome.[@b56-phmt-8-029] Data for rituximab therapy in treatment of SRNS are less robust. An investigation into the efficacy of rituximab for SRNS by the International Pediatric Nephrology Association (IPNA) found that the perceived response rate of rituximab was 44% in children with SRNS compared with 82% for those with steroid-dependent nephrotic syndrome.[@b57-phmt-8-029] This investigation was based on retrospective assessment of each IPNA associate's single-center experience. More recently, various investigators have published retrospective data evaluating the efficacy of rituximab used in combination with other immunosuppressive therapies in the treatment of SRNS.[@b58-phmt-8-029]--[@b60-phmt-8-029] The data are promising; however, there has not yet been a prospective, randomized trial evaluating the efficacy of rituximab in SRNS.

Role of renal transplant in SRNS
================================

Kidney transplantation is the most ideal renal replacement therapy for children with SRNS. Children with SRNS run the risk of recurrence of nephrotic syndrome following transplantation. Recurrence of nephrotic syndrome, if not controlled, can cause delayed graft function, acute rejection, and diminished allograft survival. The majority of information regarding posttransplant outcomes comes from pediatric patients with FSGS, the most common histopathologic finding in patients with SRNS. The risk of recurrence of FSGS posttransplant is \~30%.[@b19-phmt-8-029] Risk factors for recurrence of FSGS posttransplant include childhood-onset SRNS, rapid progression to ESRD, and recurrence following a previous allograft.[@b61-phmt-8-029] The concept of a circulating permeability factor as the pathogenic mechanism of SRNS arose following the frequent observation of SRNS recurrence following renal transplantation.[@b62-phmt-8-029] Some investigators have found that initiation of plasmapheresis may induce remission in 50%--90% of recurrent cases.[@b63-phmt-8-029],[@b64-phmt-8-029] The favorable outcomes reported with plasmapheresis in patients with recurrent SRNS have resulted in the use of this treatment in primary SRNS pretransplant.[@b64-phmt-8-029] Although the preponderance of data currently supports post-transplant use of plasmapheresis for SRNS recurrence, the effectiveness of preoperative plasmapheresis in the prevention of SRNS recurrence following renal transplantation has not yet been firmly established. Dependent on the local practices of renal transplantation programs, plasmapheresis may be part of the pre- or postoperative protocol in patients with SRNS.

Conclusion
==========

While comprising a small minority of the patients presenting with nephrotic syndrome (8%--15%), patients with SRNS prove a particularly challenging set of patients to manage and treat. Many advances have been made in the study of this particular set of patients previously destined to rapidly progress to ESRD. In particular, the genetic profile of such patients has proved critical in unraveling the pathophysiologic mechanisms of disease and in guiding therapeutic options. With further research in the field, it is likely that new mechanisms will be implicated in the pathophysiology of SRNS and further treatment options can be elucidated to optimize treatment of this disease.
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![Systematic approach to genetic testing in children with steroid-resistant nephrotic syndrome.\
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###### 

Clinical definitions of nephrotic syndrome

  -------------------- ----------------------------------------------------------------------------------------------------------------------------------------------
  Remission            Urine albumin nil or trace (or proteinuria \<4 mg/m^2^/h) for 3 consecutive early morning specimens.
  Relapse              Urine albumin 3+ or 4+ (or proteinuria \>40 mg/m^2^/h) for 3 consecutive early morning specimens, after having been in remission previously.
  Frequent relapses    Two or more relapses in initial 6-month period or more than 3 relapses in any 12 months.
  Steroid dependence   Two consecutive relapses when on alternate day steroid therapy or within 14 days of its discontinuation.
  Steroid resistance   Absence of remission despite therapy with daily prednisolone at a dose of 2 mg/kg/d for 4 weeks.
  -------------------- ----------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** d, day; h, hour.

###### 

Comparative outcomes of steroid therapy for initial presentation of nephrotic syndrome

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study group          High-dose steroid course                           Alternate day dosing            Treatment of relapses                                                                                                                       Remission rates                                                    Frequent relapse rates
  -------------------- -------------------------------------------------- ------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------
  ISKDC                60 mg/m^2^ daily × 4 wk                            40 mg/m^2^ q\                   60 mg/m^2^ daily until neg, then 40 mg/m^2^ q 48 h × 4 wk                                                                                   80% within 4 wk; sustained remission 41% at 2 yr                   33% during first 6 months after cessation of therapy
                                                                          48 h × 4 wk                                                                                                                                                                                                                                    

  German\              60 mg/m^2^ daily until no proteinuria for 3 days   40 mg/m^2^ q\                   Two arms: ISKDC relapse protocol versus 60 mg/m^2^ daily until no proteinuria for 3 days, then 40 mg/m^2^ q 48 h until complete remission   Similar initial remission rates; sustained remission 19% at 2 yr   55% during first 6 months after cessation of therapy
  Nephrology\                                                             48 h until complete remission                                                                                                                                                                                                                  
  Working Group                                                                                                                                                                                                                                                                                                          

  Ehrich and Brodehl   60 mg/m^2^ daily × 6 wk                            40 mg/m^2^ q\                   Same as ISKDC relapse protocol                                                                                                              Similar initial remission rates; sustained remission 49% at 2 yr   18% during first 6 months after cessation of therapy
                                                                          48 h × 6 wk                                                                                                                                                                                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** h, hour; wk, week; yr, year; ISKDC, International Society of Kidney Disease in Children; q, every; neg, negative.

###### 

Genes associated with SRNS

  Gene                                                                           Disease
  ------------------------------------------------------------------------------ --------------------------------------------
  *Alpha-actinin 4*                                                              Familial and sporadic SRNS
  *Asparagine-linked glycosylation 1*                                            Congenital disorder of glycosylation
  *Apolipoprotein L1*                                                            Increase susceptibility to FSGS
  *CD2-associated protein*                                                       FSGS/SRNS
  *Collagen, type IV, alpha 3*                                                   Alport's disease
  *Collagen, type IV, alpha 4*                                                   Alport's disease
  *Collagen, type IV, alpha 5*                                                   Alport's disease
  *Coenzyme Q2*                                                                  Mitochondrial disease/isolated nephropathy
  *Inverted formin-2*                                                            Familial and sporadic SRNS
  *Laminin, B2*                                                                  Pierson syndrome
  *LIM homeobox transcription factor 1B*                                         Nail patella syndrome
  *Nonmuscle myosin heavy chain 9*                                               MYH9-related disease
  *Myosin 1E*                                                                    Familial SRNS
  *Nephrin (NPHS1)*                                                              Congenital nephrotic syndrome/SRNS
  *Podocin (NPHS2)*                                                              Congenital nephrotic syndrome/SRNS
  *Prenyl diphosphate synthase, subunit 2*                                       Leigh syndrome
  *Phospholipase C, e1*                                                          Congenital nephrotic syndrome/SRNS
  *Phosphomannomutase 2*                                                         Congenital disorder of glycosylation
  *Protein tyrosine phosphatase, receptor type, O*                               Familial SRNS
  *Scavenger receptor class B member 2*                                          Action myoclonus renal failure syndrome
  *SMARCALI*                                                                     Schimke immune-osseous dysplasia
  *Transient receptor potential cation channel, subfamily C, member 6 (TRPC6)*   Familial and sporadic SRNS
  *Wilm's tumor (WT1)*                                                           Sporadic SRNS
  *Zinc metallopeptidase*                                                        Mandibuloacral dysplasia
  *STE24 homolog*                                                                

**Abbreviations:** SRNS, steroid-resistant nephrotic syndrome; FSGS, focal segmental glomerulosclerosis.
